Minimally invasive lumbar interbody fusion (MILIF) offers potential for reduced operative morbidity and earlier recovery compared with open procedures for patients with degenerative lumbar disorders (DLD). Firm conclusions about advantages of MILIF over open procedures cannot be made because of limited number of large studies of MILIF in a real-world setting. Clinical effectiveness of MILIF in a large, unselected real-world patient population was assessed in this Prospective, monitored, international, multicenter, observational study. Objective: To observe and document short-term recovery after minimally invasive interbody fusion for DLD. Materials and Methods: In a predefined 4-week analysis from this study, experienced surgeons (30 MILIF surgeries pre-study) treated patients with DLD by one-or two-level MILIF. The primary study objective was to document patients' short-term post-interventional recovery (primary objective) including back/leg pain (visual analog scale [VAS]), disability (Oswestry Disability Index [ODI]), health status (EQ-5D) and Patient satisfaction. Results: At 4 weeks, 249 of 252 patients were remaining in the study; the majority received one-level MILIF (83%) and TLIF was the preferred approach (94.8%). For onelevel (and two-level) procedures, surgery duration was 128 (182) min, fluoroscopy time 115 (154) sec, and blood-loss 164 (233) mL. Time to first ambulation was 1.3 days and time to study-defined surgery recovery was 3.2 days. Patients reported significantly (P < 0.0001) reduced back pain (VAS: 2.9 vs 6.2), leg pain (VAS: 2.5 vs 5.9), and disability (ODI: 34.5% vs 45.5%), and a significantly (P < 0.0001) improved health status (EQ-5D index: 0.61 vs 0.34; EQ VAS: 65.4 vs 52.9) 4 weeks postoperatively. One adverse event was classified as PLOS ONE |
Introduction
Conventional open technique for instrumented lumbar fusion requires extensive intraoperative dissection and retraction of paraspinal musculature. [1, 2] Minimally invasive surgery (MIS) is intended for decreased manipulation of surrounding tissues [3] by reducing tissue damage/retraction and preserving the paraspinal and abdominal musculature during fusion procedures. From a safety perspective, MIS minimizes blood loss and reduces perioperative morbidity and infection. Ultimately, these benefits may translate into accelerated post-interventional recovery and return of function, with reduced analgesic requirements. [4, 5] Systematic reviews show potential benefits of minimally invasive instrumented lumbar interbody fusion (MILIF) over the traditional open technique. [4, 5, 6, 7, 8] However, the effectiveness and safety cannot be concluded due to the following study limitations: varied surgeon experience with MILIF [4, 9] low number of patients, heterogeneity of procedures [2, 6, 7, 10] and a non-standardized collection of surgical parameters and/or clinical outcome measures. [7, 8, 11] The objective of this multicenter, observational study was to prospectively observe and document short term recovery by evaluating a standard set of short-and long-term data from a large number of patients undergoing minimally invasive posterior lumbar interbody fusion (MPLIF) or minimally invasive transforaminal lumbar interbody fusion (MTLIF) to confirm the safety and effectiveness of these techniques when performed by experienced users. We present the 4-week results from the MASTERS-D study, assessing the minimally invasive PLIF or TLIF technique for the treatment of the degenerative lumbar spine in a broad and heterogeneous multinational patient population.
Material and Methods

Study design and patients
MASTERS-D was a large prospective, monitored, international 1-year observational study (Study registered at ClinicalTrial.gov NCT01143324) in patients with degenerative lumbar spine causing back and/or leg pain.
It was conducted in 19 centers across 14 countries (EU, Canada, and Middle East). All participating surgeons were required to have performed 30 pre-study MILIF procedures for degenerative lumbar spine indications. All patients received routine standard of care according to hospital protocol. Study sites, which had the Oswestry Disability Index (ODI) [12, 13] and visual analog scale (VAS) [14] back and leg pain questionnaires incorporated into their routine practice, were selected. This observational study did not add to the patients' burden of illness or risks. All patients signed an informed consent/patient-release form before study inclusion. Data collection was anonymized.
Time from the start of patient recruitment until last patient last visit was from June 24 th 2010 until October 2 nd 2012. 
Ethics approval
This study was carried out in compliance with the Declaration of Helsinki laws and regulations of the countries in which the studies were conducted. Ethics Committee (EC)/Institutional Review Board (IRB)/Human Research Ethics Committee (HREC)/Data protection authority/ Competent Authority approvals received are described in Table 1 .
Eligibility criteria
To attain a patient population that is reflective of the "real world," eligibility criteria were broad and based on the approved indications for the devices used in this study. Eligible patients 
Surgical procedures
Definitions according to study protocol are presented here. In the open lumbar procedure, a midline approach requiring partial or complete detachment of the lumbar fascia and paraspinal muscles was used to address the spinal pathology and placement of instrumentation. The minimally invasive procedure was defined as a muscle sparing surgical technique using an intermuscle or transmuscle splitting approach that minimizes detachment of the lumbar fascia and paraspinal muscles to address the spinal pathology and placement of instrumentation. In the mini-open technique, instruments were placed using direct vision of target structures via an intermuscle or transmuscle splitting approach. In the percutaneous technique, instrumentation was placed using radiographic or navigation guidance via stab incisions without direct vision of target structures. The muscle sparing minimally invasive approach could be performed unilaterally or bilaterally for instrumentation and spinal decompression, at the investigator's discretion. One or two cages were placed in the intervertebral space to maintain or restore disc height. To achieve interbody fusion, bone grafts and/or substitutes were used. The posterior stabilization of the treated spinal segments was performed using the CD Horizon Spinal System.
Protocol deviations
From baseline at which time enrolment took place, until the 4-week follow up time point, 37 protocol deviations were reported, 33 of which occurred at the baseline visit. The protocol deviations listed were: wrong version of the Informed Consent Form (ICF) initially used, patient informed consent process not entirely clear, patients enrolled prior to the date the Clinical Trial Agreement (CTA) was fully executed, calculated BMI above 40, two Serious Adverse Events (SAE) were found not to have been reported within 24 hours, site began enrolling after site initiation but before actual site activation. Where possible (e.g. correct ICF version to be used) the deviations were corrected and site training was provided as corrective measure to further prevent these protocol deviations.
Study assessments
Data were collected prospectively as per standard of care and included medical history, preoperative data, assessment of time from surgery to first ambulation, time to the surgery recovery day (SRD), and time to discharge. The objective of the SRD assessment is to evaluate when the patient could be discharged based on his actual clinical condition because the effective day of discharge may be prolonged by factors other than the patient's clinical recovery such as social factors, reimbursement schemes, and/or hospital protocol. Postoperative follow-up visits were performed according to standard hospital routine, with the recommended schedule including a visit at 4 weeks and 3, 6, and 12 months. (Table 2 ) Patient-reported outcomes (PRO) (ODI [12, 13] , back and leg pain VAS intensity scores [14] , EQ-5D [15] and patient satisfaction were collected. Back and leg pain were assessed on a 10-cm VAS scale (where 0 = no pain, 10 = the worst possible pain) preoperatively, during the hospital stay at day 2 after surgery, at surgery recovery day, at discharge, and at 4 weeks postoperatively. Disability was rated on a 0% to 100% scale preoperatively and postoperatively at 4 weeks using the 10-item ODI (where 0% = minimal disability and 100% = maximal disability). Health-related quality-of-life was assessed using the five-item EQ-5D questionnaire, if part of the standard care at the study center, with three levels for each dimension: no problems, some problems, or extreme problems. EQ-5D index scores were obtained using the UK population value set (http://www.euroqol.org). Patients then also completed the EQ VAS to self-rate their overall health state on a 0 to 100 scale (where 0 = maximal health-related problems and 100 = minimal health-related problems). Patient satisfaction as assessed by the surgeon.
Endpoints and statistical analysis outputs
The primary objective was to observe and document the patients' short-term recovery after surgery. The primary endpoints were a) the time to first ambulation after surgery and b) the time to SRD.
The intent was to perform descriptive and exploratory data analyses, with calculations of summary statistics to report estimations and confidence intervals of endpoints of interest. Approximately 200 patients were planned to be enrolled with a minimum of 150 and maximally up to 250 patients. No sample size calculations were performed. Secondary endpoints included changes from baseline in PROs over time, as well as documentation of adverse events (AEs). Interim analysis of short-term data up to 4 weeks (±2 weeks) postoperatively was prespecified in the study protocol. In the present analysis, 4-week data are based on data collected between discharge and 8 weeks postoperatively (in order to account for standard practices differing slightly from the recommended schedule in some centers).
Adverse Event (AE) and Serious Adverse Event (SAE) were defined, respectively, as "Any untoward medical occurrence in a subject", and "An AE that led to death; led to serious deterioration in the health of a subject; led to fetal distress, death or congenital abnormality". All investigators classified the AEs in seriousness and relatedness to the surgery, MAST approach, device (unrelated, unlikely, possibly, probably or definitely). For reporting purposes, all adverse events were classified into Lowest Level Terms following Medical Dictionary for Regulatory Activities Terminology (MedDRA) version 15.1.
For continuous variables, summary statistics were calculated, together with the number of missing and non-missing values. For categorical variables, absolute and relative frequencies (based on non-missing values) were provided. The change in each PRO score was calculated for all patients with a valid observation of both the preoperative and 4-week score of the PRO in concern. Changes from baseline in PROs at 4 weeks postoperatively were analyzed (depending on the Shapiro-Wilk test results on normality) using the two-sided t test for paired comparisons and the Wilcoxon signed rank test with a significance level of 0.05. Results are presented as means (± standard deviation).
Analyses were carried out including all available data from the patients submitted to a MAST procedure. In case of missing values for a certain variable, N was equally reduced. Data from three patients lost to follow up were included up to the time that data were no longer obtainable. Baseline data and surgery data were included, however change from baseline for the PRO's could not be obtained from the three patients lost to follow up.
Clinical success rates for VAS back pain and ODI were calculated according to Ostelo et al., [16] who proposed minimal important change (MIC) values of 15 for the VAS (0-100), and 10 for the ODI (0-100).
Surgeries performed in this study were carried out by surgeons experienced in the procedure. While this minimizes the possibility that primary endpoints could be prolonged due to inexperience of the surgeon, at the same time it means that data are not 100% applicable to the real situation where surgeons that not necessarily have experience with the procedure can also perform it.
Results
Patient disposition and baseline demographics
A total of 255 patients were enrolled in the study but three did not undergo the procedure due to different reasons (Fig. 1) . A total of 252 patients underwent a MILIF procedure of which 249 (99%) patients remained in the study at 4 weeks postoperatively. From the total population, 56.3% were female; mean age was 53.8 ± 11.8 years; body mass index was 27.7 ± 4.6 (kg/m 2 ); duration of symptoms resulting in planned surgery was 28.5 ± 38.2 months, and main indications for surgery were leg pain (52.0%), back pain (38.9%), and neurogenic claudication (9.1%).
Patient demographics of one-and two-level subgroups are shown in detail in Table 3 . Preoperative degenerative lumbar pathologies shown in Table 4 , disc pathology (93.7%), stenosis (71.4%) and spondylolisthesis (52.8%) were the commonest pathologies.
Surgical procedures performed
From the 252 patients, 12 were submitted to a PLIF surgery and 239 to a TLIF approach. One patient underwent at 1 st level a PLIF and at the 2 nd level a TLIF. Eighty three per cent received one- level surgery and 16.7% received two-level surgery, details on the operated levels are presented in Table 5 . As expected, the duration of two-level surgery (182 min) was longer than one-level surgery (128 min) and mean operative blood loss per patient was greater (one level: 163.9 ± 139.7 mL vs two levels: 233.1 ± 229.0 mL) ( Table 5 ). Only one patient (0.4%) required blood transfusion in the two-level group. Surgical approaches varied substantially as shown in Table 6 .
Primary endpoints
The mean time to first ambulation was 1.3 ± 0.5 days across the 252 patients and was similar among patients who underwent one-(1.3 ± 0.5 days) or two-(1.4 ± 0.5 days) level surgery. Similarly, the mean time to the SRD was 3.2 ± 2.0 days in the 252 patients, with recovery times being similar between patients operated on one (3.2 ± 2.1 days) and two (3.1 ± 1.5 days) levels. The mean time to discharge was 6.3 days across all 252 patients, 6.1 or 7.4 days in patients operated on one or two levels, respectively.
Patient-reported outcomes
Statistically significant (P < 0.0001) and clinically meaningful changes from baseline in PROs were reported postoperatively at 4 weeks. [20] There was an improvement in back and leg pain intensity (by 3.2 and 3.4 points, respectively) (P < 0.0001) (Fig. 2) . Improvement of disability is demonstrated by a 10.6-point reduction in the ODI at 4 weeks (Fig. 3 ). Changes were similar regardless of whether patients received one-or two-level interbody fusion. The clinical success rate at 4 weeks was 51.1% with regard to ODI and 74.5% based on the back pain intensity. Improvements in EQ VAS scores of 12.0 points were noted at 4-week follow-up (P < 0.0001) (Fig. 4) . Correspondingly, the percentage of patients reporting no health-related problems increased from preoperative values in each of the five individual EQ-5D domains: mobility (40.3% vs 11.1%, P < 0.0001), self-care (63.3% vs 54.3%, P = 0.2908), usual activities (23.4% vs 9.6%, P = 0.0378), pain/discomfort (14.9% vs 1.4%, P < 0.0001), and anxiety/depression (63.5% vs 49.5%, P = 0.0740) (Fig. 5) . The EQ-5D index improved from a mean of 0.34 preoperatively to 0.61 at 4 weeks (P < 0.0001). Assessed by the surgeon at 4 weeks, the patient satisfaction with results of treatment post-surgery was 84.2% (192/228), 82.5% (188/228) indicated to be helped by the treatment as expected and 80.2% (183/228) would have the same treatment again for the same condition. Patients reported that 85.5% were: completely (11.8%, 27/228), much (53.5% (122/228) or slightly improved (20.2%, 46/228) with regards to their back pain recovery compared to preoperative.
Adverse events
Within the 4-week postoperative time window, 39 AEs in 32 patients were considered by the investigator to be related to surgery or MAST or device, one of which was considered to be primarily MAST related (Table 7 ). Six AEs in five patients were classified as serious AEs (SAEs); all of these resolved. A limited subcutaneous abscess was experienced by one patient. Thus, the overall incidence of surgical site infection was 0.4%. No deep surgical site infections were reported. One surgical revision due to an intraspinal hemorrhage was reported. No SAEs were reported in patients who had MPLIF surgery. 
Discussion
This is the largest observational, prospective, multicenter study of MILIF conducted to date in patients with lumbar degenerative disorders aimed to observe and document short-term recovery. Our results indicate that minimally invasive techniques offer the potential of favorable [1, 6, 10] In the current study, the mean time to protocol-defined SRD was 3.2 days and time to hospital discharge was 6.4 days. The effective day of discharge may be delayed by factors other than the patient's clinical recovery such as social factors, reimbursement schemes, and/or hospital protocol. However, these results still compare favorably to data from pertaining literature on conventional open surgery (mean times to discharge: 4.2-14.6 days). [4, 6, 17, 18] This is the first study to demonstrate clinically meaningful improvements in disability and back pain scores as soon as 4 weeks postoperatively in more than 50% (ODI) and 70% (back pain) of the patients, respectively. These improvements are reflected in the high levels of patient satisfaction with surgery (84.2%). Other studies have reported similar outcomes in pain VAS, ODI, and EQ-5D comparing MIS fusions with conventional open surgery. [4, 17] However, the consistent and rapid amelioration in our large patient population within the first few weeks after surgery corroborate scientific evidence in favor of MIS.
In the current study, the duration of surgery conducted by the experienced surgeons was 128 and 182 minutes for one-and two-level MILIF, respectively. Although these times are comparable with those reported in the literature for open surgical procedures, they generally fall within the lower ranges cited for open surgery [1,4,7 17,18] . Perioperative safety data indicate that blood loss was low (mean: 176 mL) following MILIF when compared with open surgery. [1, 7, 8, 17, 18] In contrast, the duration of fluoroscopy (mean: 122 sec), and hence radiation exposure, were longer than the values reported for open surgery. [6, 18] Performing these and other fluoroscopically guided procedures requires careful monitoring to ensure compliance with annual dose limit restrictions. [18] The complication rate following MILIF was low in the current study, with surgical site infection rate of 0.4% at 4 weeks. This rate is comparable with other studies: 0.15% [19] 663 patients), 0.22% [20] (1213 patients), 0.9-2.6% and 1.2-7.2 [21] (37,137 patients). In contrast, higher infection rates were observed in a large study (N = 5170) reporting on MILIF vs open surgery in two-level fusion (4.6% vs 7.0%, P = 0.037) and one-level fusion (4.5% vs 4.8%; P = 0.77). [23] Evidence suggests that MILIF surgery is similar in duration to open surgery with significantly fewer complications, when completed by experienced surgeons. [7, 9, 11] The current study was conducted exclusively by experienced surgeons (30 MILIF procedures pre-study). This was planned this way by study design to limit the possibility of surgeon experience to be of important influence on the primary outcome values "Time to first ambulation" and "Time to surgery recovery day". At the same time, one could argue that this limits the possibilities for extrapolation of the results. In this study, complication rates were low. The results presented herein show that the level of experience required in the study design is sufficient to attain clinical benefit with MILIF with few complications. Furthermore based on the current study, the learning curve associated with mastering the MILIF technique should be manageable at most spine centers with medium patient loads.
One of the additional strengths of this study, aside from the large patient population, is the applicability of the study data to the "real-world" patient population. The eligibility criteria were broad and based on the indication for one-or two-level interbody fusion for lumbar degenerative pathologies. Elderly or obese patients were not excluded from the study, as it has been shown that neither age nor obesity should be considered contraindications for MILIF. [22] Our data show the incorporation of specific MIS techniques into each surgeon's surgical plan is highly individual with great variability among surgeons. The respect for this variability strengthened the generalizability of the study findings. Further analysis is needed to determine the influence of the different surgical techniques on clinical outcomes.
Although this is not a randomized controlled trial, which could be interpreted as a limitation to this study, data from a nonselected patient population provide valuable information concerning the effectiveness and safety of MILIF in clinical practice. In addition, longer-term data are required to assess the sustainability of the outcomes observed in this 4-week analysis. Variability in the 4-week data collection point due to the study's observational character and in homogenous standard practices among centers (slightly differing from the recommended schedule) meant that data up to 8 weeks were included in the analysis. However, a significant impact of this adjustment on outcomes analysis is unlikely with the 95% CI of the mean duration to the visit (33.0-35.1 days) falling into the originally recommended 4-week (±2 weeks) timeframe. The potential for long-term benefit after MILIF is evidenced by recent reports. [23] Evaluation of the full 1-year follow-up data will elucidate whether the benefits of MILIF can be maintained over mid-term in patients with degenerative lumbar disorders.
Conclusions
For experienced surgeons, minimally invasive lumbar interbody fusion for degenerative lumbar disorders demonstrated early benefits (short time to first ambulation, early recovery, high patient satisfaction and improved patient-reported outcomes) and low major perioperative morbidity at 4 weeks postoperatively.
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